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RECOMBINANT MUTANTS FOR INDUCING 
. SPECIFIC IMMUNE RESPONSES 

BACKGROUND OF THE INVENTION 

This invention relates to a recombinant DNA 
molecule comprising the adenylate cyclase toxin gene 
(cyaA) or a fragment thereof containing an insertion 
of a heterologous DNA sequence at a permissive site f 
wherein the fragment encodes a polypeptide exhibiting 
the same immunological properties as the CyaA gene 
product. In specific embodiments of this invention 
the heterologous DNA sequence encodes an immunological 
epitope. CyaA can be obtained from any microorganism 
or otherwise. 

This invention also relates to a recombinant 
adenylate cyclase comprising a heterologous epitope at 
a permissive site. In specific embodiments of this 
invention the heterologous epitope is inserted in the 
N-terminal catalytic domain of the recombinant 
adenylate cyclase and can be presented to the immune 
system in association with class I major 
histocompatability complex (MHC) . In other embodiments 
of this invention the heterologous epitope is inserted 
in the C-terminal catalytic domain and can be 
presented to the immune system in association with 
class II MHC. 

This invention further relates to methods of 
inducing specific immune responses in animals 
immunized with immunological compositions comprising 
recombinant adenylate cyclases. In specific 

embodiments of this invention B cell, CD4*, and 
cytotoxic T-cell responses are specifically induced. 
With the advent of recombinant DNA techniques for 
modifying protein sequences, considerable work has 
been directed toward specifically altering or 
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improving existing proteins. Modification of specific ' 
amino acids .of enzymes of known structure toalter 
specificity has been achieved by site-directed 
mutagenesis. " Although knowledge of the three- * 
dimensional structure . is restricted to a limited 
number of proteins , sequence comparisons between * 
members of families of homologous proteins, as well as 
increasingly accurate predictions of secondary and 
tertiary structures, offer a useful basis for 
redesigning enzyme function. 

Another approach of great potential interest is 
the insertion of new peptide sequences within a 
defined protein. Insertional mutagenesis has been 
efficiently used to study the topology of membrane 
proteins (Charbit et al., 1986 r 199-1) and, in the case 
of soluble proteins r to determine regions of natural 
flexibility (Barany, 1985a, 1985b; Freimuth and 
Ginseberg, 198-6; Starzyk et al. r 1989; Freimuth et 
al. r 1990; Kumar and Black, 1991.). Besides r insertion 
of a specific exogenous peptide within an enzyme could 
alter its catalytic or regulatory properties, thus 
providing a rational basis for protein engineering. 
Additionally, protein engineering can be used to alter 
or specifically direct the immune response to a 
defined epitope by altering the environment of the 
epitope. 

The immune response can 6e divided into two 
distinct systems, cellular immunity and humoral 
immunity. Humoral immunity, is mediated by soluble 
molecules, principally antibodies. in contrast, 
cellular immunity is mediated by intact cells, mostly 
T lymphocytes- The exact immune response generated by 
a foreign antigen is. dependent on the nature of the 
antigen and the environment in which the antigen or an * 
epitope of the antigen is presented to the immune 
system. 
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The initiating event in a humoral immune response 
is the binding of a B epitope to a membrane associated 
immunoglobulin (Ig) on a specific subset of B cells. 

* This binding stimulates the entry "of the B cells into 
the cell cycle, eventually resulting in the production 

* of antibodies specifically recognizing the B epitope. 
The antibody response elicited by a B epitope can be T 
cell-dependent or T cell -independent. T cell- 
dependent responses are characterized by a very low 
primary response followed by an IgG memory response. 
The T cell-independent response, on the other hand, is 
characterized by a rapid, intense and prolonged IgM 
antibody response. 

The cell mediated immune response is activated by 
T epitopes. T epitopes generally fall into two 
categories. Many epitopes can activate both T cells 
and B cells and are thus both T epitopes and B 
epitopes. Other T epitopes are denatured forms of 
native antigenic determinants and cannot activate a B 
cell mediated humoral immune response. 

To activate a cell mediated immune response the T 
epitope must become associated with molecules of the 
major histocompatability complex (MHC) . The MHC is a 
region of highly polymorphic genes whose products are 
expressed on the surface of various cells. There are 
two principle groups of MHC. . Class I MHC is a 
transmembrane protein comprised of two polypeptide 
chains. The molecule contains an extracellular 
peptide binding region that is polymorphic at the 
peptide binding site, an immunoglobulin region, a 
transmembrane region, and a cytoplasmic domain that 
% contains phosphorylation sites for a cAMP dependent 

protein kinase. 

, Class I MHC is found on virtually all nucleated 

cells. Class I MHC generally associate with 
endogenously synthesized T epitopes for presentation 
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to the cell mediated immune system. As this 
association Qf class I MHC to specific antigen occurs 
in the endoplasmic reticulum, antigens that are 
internalized fay an antigen presenting cell via the _* 
endocytotic pathway will generally hot. become 
associated with class I MHC. The association of a * 
specific T epitope with class I MHC and incorporation 
of the antigen-MHC class I complex on the surf ace of a 
cell stimulates specific cytotoxic T lymphocytes 
(CTL) . The stimulated cytotoxic T lymphocytes can 
then kill the cell expressing the antigen-MHC complex 
by granule exocytosis of a membrane pore forming 
protein that causes cell lysis and secretion of a cell 
toxin that activates DNA degrading enzymes. However , 
the activation of the CT£ cells also requires the 
activation of T helper cells in certain cases. 

The other major class of MHC proteins is class XX 
MHC. Class XX MHC are also transmembrane proteins. 
Like class X MHC, class XX MHC comprises two 
polypeptide chains and includes a polymorphic peptide 
binding region , an immunoglobulin-like region, a 
transmembrane region and a cytoplasmic domain. 
However? unlike class I MHC, class II molecules are 
only expressed on "antigen presenting cells" such as 
B-lymphocytes r macrophages, dendritic cells , endo- 
thelial cells, and a few others. .T-epitopes become 
associated with class II MHC - when an antigen 
comprising the T epitope binds to the surface of an 
antigen presenting cell. The antigen enters the cell 
via phagocytosis or by receptor mediated endocytbsis 
in clathrin coated vesicles. Alternatively t soluble 
antigens may be internalized by fluid phase 
pinocytosis. Once the antigen is internalized it is 
processed by cellular proteases in acidic vesicles < 
resulting in peptide^ 10-20 amino acids long. These 
epitopes bind MHC class II molecules in intracellular 
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vesicles and the complex is transported to the cell 
surface. The presence of the MHC class II-antigen 
complex on the surface of antigen presenting cells 
results in the stimulation of subpopulations of T 
helper cells. These cells aid CTL function as well as 
B cell responses. in addition, T helper cells can 
mediate inflammatory responses. 

Two important factors in determining the 
character of an immune response are the nature of the 
antigen that is recognized and the intracellular or 
extracellular targeting of the antigen. Thus, a T cell 
epitope that can be targeted to enter an antigen 
presenting cell in a receptor mediated endocytosis 
dependent way will become associated with class II MHC 
and activate T helper cells but not CTL cells. 
Moreover, if a foreign T cell epitope can be directed 
to the cytoplasm of a target cell in a receptor 
mediated endocytosis independent fashion, the epitope 
will become associated with class I MHC and permit the 
activation of CTL cells. Therefore, there exists a 
need in the art to specifically target epitopes in 
order to selectively activate a cell mediated or 
humoral immune response. 

SDMM&RY OF THE INVENTION 

This invention relates to a recombinant plasmid 
useful for expressing adenylate cyclase, wherein the 
plasmid comprises the cyaA and the cyaC genes of 
Bordetella sp. adenylate cyclase, or homologs thereof, 
operably linked to an expression control sequence, 
wherein the recombinant plasmid directs the expression 
of Bordetella sp. adenylate cyclase in a transformed 
host cell selected from the group consisting of 
bacteria, eukaryotic cells and yeast. In a specific 
embodiment of this invention, the cyaA gene and the 
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cyaC gene are the cyaA gene and the cyaC gene of 
Bordetella pextussis, In other specific embodiments 
of this invention, the host cell is E. coli, the 
expression control sequence comprises the lac * 
promoter, or the cyaA gene comprises DNA encoding a 
heterologous epitope. In one specific embodiment, the » 
recombinant plasmid is pCACT3. 

This invention also relates to a recombinant DNA 
molecule comprising the cyaA adenylate cyclase gene of 
Bordetella sp. or homologs thereof, wherein the cyaA 
gene contains at least one insertion of a heterologous 
DNA sequence at at least one permissive site. In 
embodiments of this invention the heterologous DNA 
sequence encodes less than 25 amino acids, between 
10-20 aminoacids and 16 amino acids. In specific 
embodiments of this invention the heterologous DNA 
sequence is an epitope of poliovirus, HIV virus, 
influenza virus, or lymphocytic choriomeningitis virus 
and is inserted in the N-terminal catalytic domain or 
the C-terminal domain* 

This invention ifurther relates to a recombinant 
Bordetella pertussis adenylate cyclase comprising a 
heterologous epitope at a permissive site. In one 
embodiment of this invention the adenylate cyclase is 
in detoxified form. in specific embodiments of this 
invention the heterologous epitope is inserted into 
the N-terminal catalytic domain and the heterologous 
epitope is presented to CDS* T lymphocytes in 
association with molecules of class I major 
histocompatability complex. In other specific 

embodiments of this invention the heterologous epitope 
is inserted into the c-terminal domain and is 
presented to CD4+ T lymphocytes in association with 
molecules of class II major histocompatability f 
complex. 
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In a specific embodiment of this invention the 
permissive site of the Bordetella pertussis adenylate 
cyclase is selected from the group consisting of 
residues 137-138 f residues 224-225 , residues .228-229, 
residues 235-236 and residues 317-318. In other 
specific embodiments of this invention the 
heterologous epitope of the recombinant Bordetella 
pertussis adenylate cyclase is epitope 118-132 of the 
nucleoprotein of the lymphocytic choriomeningitis 
virus, an epitope of HIV virus, in particular the 
epitope included in the V3 loop, an epitope of 
influenza virus, or an epitope of poliovirus, in 
particular epitope 103-116 of poliovirus. 

Moreover, this invention relates to a method of 
inducing a B cell immune response comprising 
immunizing animals with live bacteria expressing a 
recombinant adenylate cyclase or an immunological 
composition comprising a recombinant adenylate cyclase 
or a fragment of AC, wherein the recombinant adenylate 
cyclase comprises a heterologous B epitope. 

In specific embodiments of this invention, the 
bacteria used in the method of Inducing a B cell 
immune -response are E. coli. In a further embodiment, 
the animals immunized with the immunological 
composition or bacteria are humans. In specific 
embodiments, the heterologous B epitope is a 
poliovirus B epitope, an HIV B epitope, a lymphocytic 
choriomeningitis virus B epitope, or an influenza 
virus B epitope. 

This invention also relates to a method of 
inducing a CD4* T cell immune response, wherein the 
method comprises immunizing animals with an 
immunological composition comprising a recombinant 
adenylate cyclase, wherein said recombinant adenylate 
cyclase comprises a heterologous T epitope at a 


WO 93/21324 


PCI7EP93/00977 


a • 

permissive site . in the C-terminal domain of said 
recombinant adenylate cyclase • 

In a specific embodiment of this invention, the 
immunological composition further comprises a suitable * 
adjuvant. In a further embodiment, the heterologous T 
epitope is a T epitope of poliovirus , HIV, - influenza 
virus, or lymphocytic choriomeningitis virus. 

This invention further relates to a method of 
inducing CD8* T cell immune response, wherein the. 
method comprises immunizing animals with an 
immunological composition comprising a recombinant 
adenylate cyclase, wherein the recombinant adenylate 
cyclase comprises at least one heterologous CTIi 
epitope at at least one permissive -site in the N- 
terminal catalytic domain of the recombinant adenylate 
cyclase. 

In a specific embodiment of this invention, the 
immunological composition further comprises a suitable 
adjuvant, such as aluminum hydroxide. In a further 
embodiment, the heterologous T epitope is a T epitope 
of poliovirus, HIV, choriomeningitis virus, 
particularly epitope 118-132 of the nucleoprotein of - 
the choriomeningitis virus, or influenza virus. 

BRIEF DESCRIPTION OF FIGURE 

The Figure represents schematically a method of 
constructing 
plasmid pCACT3. 

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENTS 

■■■ ■ 

This invention relates to recombinant DNA 

« 

molecules comprising the Bordetella pertussis cyaA 
gene, wherein the cyaA gene contains an insertion of a 
heterologous DNA sequence at a permissive site. This 
invention also relates to a recombinant Bordetella 
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pertussis adenylate cyclase comprising a heterologous 
epitope at a permissive site. 

This invention further relates to a method of 
inducing a CD4 + T-cell immune response comprising 
immunizing animals with an immunological composition, 
wherein the immunological composition comprises a 
recombinant Bordetella pertussis adenylate cyclase 
with a heterologous T epitope at a permissive site 
within the C terminal domain. This invention also 
relates to a method of inducing a CD8* T cell immune 
response comprising immunizing animals with an 
immunological composition wherein the immunological 
composition comprises a recombinant Bordetella 
pertussis adenylate cyclase with a heterologous T 
epitope at a permissive site within the N terminal 
catalytic domain. 

As used herein, the term "expression control 
sequence" refers to a sequence of nucleic acid that 
regulates the transcription and/or translation of a 
structural gene. This regulation can be direct or 
indirect. Thus, examples of expression control 

sequences include promoters, operators, ribosome 
binding sites and DNA that encodes ribosome binding 
sites. 

As used herein, the term "heterologous DNA 
sequence" refers to a DNA sequence derived from the 
DNA of a species other than the DNA of the remainder 
of the molecule or gene in which the heterologous 
sequence is located. The heterologous DNA sequence 
can be synthesized enzymatically or chemically. 
Alternatively, the heterologous DNA sequence may be 
directly isolated from a source organism. 

As used herein with reference to* a protein the 
term "permissive site" refers to a site within the 
protein molecule, where exogenous amino acids may be 
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added without appreciably affecting the functional 
properties of. the protein* 

As used herein "with reference to a nucleic acid r 
the term "permissive site" refers to a site within the 
nucleic acid, where exogenous nucleotides can be added 
while maintaining reading frame without appreciably 
affecting the functional properties of a protein 
expressed from the nucleic acid. 

As used herein, the term "epitope" refers to a 
sequence of amino acids, or another molecule or 
fragment thereof, that cam induce an immune response. 

As used herein > the term "B epitope" refers to a 
sequence of amino acids, or another molecule or 
fragment thereof, that can induce an immune response 
involving B lymphocytes. 

As used herein, the term heterologous epitope" 
refers to an epitope that can be inserted in a protein 
by recombinant techniques wherein the inserted epitope 
is not naturally found in this protein. 

E. coli strain XL-1 containing pCACT3 was 
deposited with the Collection Nationale de Cultures de 
Micro-organisms of Institut Pasteur, 28 rue du Docteur 
Roux, 75724 Paris, Cedex 15, France under accension 
number 1-1201 on April 8,JL99Z. 

The mechanisms by which the immunogenicity of 
defined peptide epitopes is controlled involves both 
the intrinsic characteristics of a given epitope and 
environmental factors. These environmental factors 
include -C/hether the epitope is exposed as part of 
complex and organized structures such as parasites or 
bacteria. By expressing a given peptide epitope ^in 
different permissive sites of various bacterial 
proteins it is possible to alter the environmental 
factors and thus specifically modify the 
immunogenicity of the peptide epitope. 
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The adenylate cyclase of Bordetella pertussis 
f represents a. suitable vehicle to specify the 

immunogenic response of a heterologous peptide epitope 
« in embodiments of this invention. The Bordetella 

pertussis adenylate cyclase constitutes one of the 
essential toxins of this organism which is the 
causative agent of whooping cough. The adenylate 
cyclase is secreted by Bordetella pertussis and 
possesses the ability to enter target eukaryotic cells 
where, activated by calmodulin (CaM) , it catalyzes the 
synthesis of cyclic AMP (cAMP) thereby impairing 
cellular metabolism. The adenylate cyclase (AC) is 
synthesized andsecreted in the form of a polypeptide 
of 1706 amino acids: the calmodul in-dependent 
catalytic activity is localized in the first 400 amino 
acids. The C-terminal portion of approximately 1300 
residues is responsible for the binding to the target 
cells and for the translocation of the N-terminal 
catalytic domain through the cytoplasmic membrane of 
these cells. In addition, this C-terminal portion 
possesses a weak hemolytic activity. 

Several features of Bordetella pertussis AC 
indicate that this toxin can be used as a vehicle for 
inducing a specific immunogenic response: 

1) this adenylate cyclase is capable of 
entering many different cells, especially various 
types of cells associated with the immune system; 

. -2) the adenylate cyclase may be internalized by 
the target cells independent of a receptor mediated 
endocytosis process suggesting that the catalytic 
domain of the toxin is capable of penetrating directly 
through the cytoplasmic membrane of the target cells; 

3) the N-terminal catalytic domain undergoes 
rapid proteolysis inside the target cells allowing 
epitopes associated with this domain to enter the 
class I MHC pathway of antigen presentation; and 
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4) a number of amino acids involved in the 
catalytic activity of AC are identified , permitting 
the construction of modified AC toxins that are devoid 
of enzymatic activity and hence are no longer 
cytotoxic. See Sakamoto, H. , Sebo, P., Ladant. , J. 
Biol. Chem., 267:13598-13602 (1992). 

The Bordetella pertussis adenylate cyclase (Cya) 
toxin-encoding genetic locus (cya) is composed of five 
genes (cyaA-E) * The cyaA gene encodes the adenylate 
_ cyclase. Expression of the cyaA gene in E. cali leads 
to the production of a 200 kDa gene product exhibiting 
catalytic activity, but devoid of invasive and 
hemolytic activities. However, the coexpression of 
the cyaC gene product renders the cyaA holotoxin 
invasive and hemolytic in a reconstituted expression 
system in E. coli. Coexpression of the cyaB, D, and E 
genes in trans to cyaA does not confer invasiveness 
and hemolytic activity upon the holotoxin, nor does it 
potentiate the activities brought about by the cyaC 
gene product. 

It is believed that CyaC-mediated activation of 
CyaA results from a post-translational modification. 
This modification is not lost during toxin 
purification from B. pertussis by a procedure 
including 8M urea extraction or 3DS-PAGE. separation 
(Hewlett et al. , 1989) . This finding ; indicates that 
the modification is covalent* ~ 

The invasive and hemolytic activities of CyaA 
toxins produced recombinantly in E. coli or naturally 
in B. pertussis were compared. The results indicate 
that the CyaC-activated - proteins produced in E. coli 
show 5 times lower hemolytic activity than the toxin 
produced in B* pertussis. The ratio of hemolytic vs. 
invasive activity did not change significantly with 
the purification of the proteins r indicating that the 
decreased hemolytic activity is . not . due to some 
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inhibitory factor present in E. coli extracts, but 
rather reflects an intrinsic property of the toxins 
produced in E. coli. Two additional arguments support 
this interpretation. First, ; the time course pf 
hemolysis is almost linear, regardless of the source 
of the toxins indicating that the stabilities of the 
proteins purified from E. coli and B. pertussis are 
similar. Second, possible differences in the initial 
conformation of the toxins produced in the two 
organisms can be ruled out as the purification 
procedures involve complete denaturation in 8M urea. 

This data indicates that the invasive and 
hemolytic activities of CyaA toxin can be separated. 
This suggests that distinct structural determinants 
within the CyaA toxin are involved in invasive and 
hemolytic activities. The decreased hemolytic 

activity of the toxin produced in E. coli could also 
be accounted for by a difference in the nature of the 
post-translational modifications taking place in the 
two organisms or by the presence of an additional 
factor present in B. pertussis that is necessary to 
confer full hemolytic activity to the toxin. 

Expression vectors were constructed directing the 
expression of both the cyaA gene and the cyaC gene 
(Sebo et al., 1991). Additionally, another plasmid 
expression vector, pCACT3, was constructed which 
contains both the cyaA and cyaC genes. This 
expression vector permits a second compatible plasmid 
carrying^ genes necessary for the secretion of the 
cytotoxic AC in E. coli, such as hlyB and hlyD as 
described in Meckman et al., 1985. - 

Plasmid pCACT3 was constructed in several steps 
(See Figure 1) : 

1) plasmid pAHLl was constructed by inserting 
between the single PstI and EcoRI sites of plasmid 
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pACM384, the oligonucleotide 5'CTG CAGG TCG ACT CTA 
GAG GAT CCC CGG GTA CCT AAG TAAC TAA GAA TTC3 r ; 

2) The 1.4-kb PvuII-EcoRI fragment of pAHLl was 
subcloned into the multiple cloning site of phagemid 
pTZ19R (Pharmacia) between the PstI site (converted to 
a blunt end with T4 polymerase) and EcoRI site, The 
resulting plasmid is pACDLZl? 

3) A 5.4-kb Bcir-Scal fragment originating from 
plasmid pACT7 (Sebo et al., 1991) was inserted between 
the single Bcll-Scal sites of pACDI*21 to give plasmid 
pDLACTl; 

4) A 0.636-kb Nael-Ddel fragment of plasmid 
pDIA4 (Glaser et al. , 1988) containing the cyaC gene 
was subcloned into the Smal site of the vector pTZ18R 
(Pharmacia) to give plasmid pCYACI in which the cyaC 
gene is under the control, of the lac promoter; 

5) The Hindlll-Scal fragment of pDLACTl 
containing the cyaA gene (6.2 kb) was subcloned 
between the Hindlll and Seal sites of pCYACI to give 
plasmid pCACT3. . 

Thxis, the AC toxin may be expressed in E. coli 
and/or secreted by this bacterium" in large amounts f 
and it-is readily purified (affinity chromatography on 
CaM Affi-Gel resin) . 

We have developed a methodology which makes it 
possible to identify readily, using a double selection 
(resistance to an antibiotic and calorimetric test on 
dishes by a-complementation) , oligonucleotide 
insertions (which preserve the reading frame) in the 
portion of the gene coding for the N-terminal 
catalytic domain- of the toxin* The functional 
consequences of these mutations on the catalytic 
activity of the toxin may be readily analyzed, both 
genetically (functional complementation of an E. coli 
cya" strain) and biochemically (characterization of 
the stability of the modified ACs, of their enzymatic 
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activity, of their interaction with CaM, etc.)- This 
s methodology has enabled a large number of mutations to 

be screened in. order to identify the sites which are 
i potentially advantageous for the insertion of 

antigenic determinants. The plasmids which were used 
for this identification were derivatives of pDIA5240 
(P. Sebo f P. Glaser, H. Sakamoto and A. Ullman, Gene 
1991, 104 , 19-24, the contents of which are hereby 
incorporated by reference) containing the first 459 
_ codons of the cyaA gene and which expressed the N- 
terminal portion of the AC (399 amino acids) , devoid 
of all invasive or cytotoxic activity. 

Specifically, a PvuII-Bst fragment of pDIA5240 
comprising 373bp codons of CyaA was ligated to the 3 1 
terminal portion of the gene (3999 base pairs - 1333 
codons). The resulting protein thereby regains, in 
the presence of the product of the cyacT gene, its 
invasive power. Additional peptide sequences of 10 to 
20 amino acids were then inserted at the previously 
identified sites in order to analyze the cytotoxicity 
jDf the recombinant toxins. In specific embodiments of 
this invention this insertion is at restriction sites 
of the cyaA gene. The modified toxins which retain 
their cytotoxicity (that is to say whose N-terminal 
catalytic domain is normally transported into the 
cytoplasm of the target cells) may be used as a 
vehicle for presentation of antigenic determinants. 
See Ladant et al., 1992, the contents of which are 
hereby incorporated by reference. We have defined in 
this manner five permissive sites in the N-terminal ~ 
portion -of the AC (insertion between amino acids 
137-138, 224-225, 228-236, 228-229, 235-236 and 
317-318) . A more exhaustive mapping will enable the 
person of ordinary skill in the art to locate other 
permissive sites using the methods described herein. 
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We have developed a second methodology 
(resistance tjo an antibiotic and hemolysis test on 
Petri dishes containing blood) which enables in-frame 
oligonucleotide insertions in the portion of the gene ? 
coding for the hemolytic Oterminal portion of the 
toxin to be identified. These insertions are carried 
out on a plasmid which permits coexpression of both 
cyaA and cyaC genes, such as pCACT3. See supra. The 
advantage of characterizing "permissive" sites for the 
insertion of additional peptide sequences in the 
carboxy-terminal portion of the toxin lies in the fact 
that, in contrast to the N-terminal domain, this 
domain remains associated with the outer surface of 
the cytoplasmic membrane. Thus, epitopes inserted 
into this region of the toxin might be directed 
towards the pathway of antigenic presentation specific 
to class II MHC. Thus, toxins can be constructed that 
are doubly modified - in the N-terminal catalytic 
domain and in the C-terminal domain - and capable of 
possessing both epitopes directed to class I MHC and 
other epitopes directed to class II MHC. 

A/ RECOMBINANT ADENYLATE CYCLASES EXPRESSING 
* HETEROLOGOUS EPITOPES I VACCINE APPLICATIONS 

1. Insertion of B or T epitopes. 

B. pertussis AC toxin . is used to present 
epitopes of vaccinal importance to the immune system. 
This recombinant" toxin may be used as a component of 
the vaccine, either alone or in the presence of other 
antigenic preparation (s> . It can be used in toxic 
form or in detoxified form. The detoxified form can 
be obtained by directed mutagenesis. For example, by 
replacing Lys58 or Lys65 (Glaser et T al., 1989, the 
contents of which are hereby incorporated by 
reference) by a Gin residue. Alternatively, the 
detoxified form may be. obtained by inserting the 
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oligonucleotide CTG CAG at the EcoRV site at position 
564 of the coding phase of the cyaA gene. See Ladant 
et al. , 1992. 

DNA encoding B. pertussis adenylate cyclase 
derivative of the invention can be obtained, by way of 
example, as follows. 

Plasmid pDIA5240 is linearized at a restriction 
site where DNA encoding a heterologous epitope is to 
be inserted. In specific embodiments of this 
invention, the restriction site is Nrul when the 
permissive site is at residues 137-138 or at residues 
235-236. In other embodiments the restriction site is 
Hindlll when the permissive site is at residues 
224-225, at residues 228-229, or at residues 317-318. 
The resulting pDIA5240 derivative containing 
heterologous epitope (s) at a permissive site is 
restricted with PvuII and BstBI . A 1.4 Kb fragment is 
isolated containing the portion of the adenylate 
cyclase gene coding for the N-terminal catalytic 
domain and comprising a heterologous epitope. The 
restriction fragment is then fused to the remainder of 
cyaA gene by inserting it between the Hindlll site 
(connected to a blunt-end by T4 DNA polymerase) and 
BstBI site of pCACT3. The heterologous epitope can be 
inserted into pDIA5240 as a part of a linker that is 
compatible with an appropriate permissive site. In 
specific embodiments of this invention the linker 
codes for about 16 amino acids. 

Any epitope recognized by the cells of the immune 
system, B or T lymphocytes, may be introduced into the 
permissive sites of the AC. Each molecule of toxin 
may comprise one or more copies of the same epitope, 
or a combination of different epitopes, B or T, 
located in various sites of the toxin. 
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I.X B epitopes : 

Any epitope recognized by B lymphocytes and 
capable of inducing antibodies possessing biological 
activity may be introduced into the toxin. Thus, for 
example, the C3 epitope of the polio virus or the V3 
epitope of the HIV virus, which, are capable of 
inducing antibodies neutralizing these viruses,, will 
be introduced into the toxin. In a preferred 
embodiment of this invention, the V3 epitope of the 
HIV virus to be inserted is RIQRGPGRAFVTIGK (residues 
315-329). In the case of the V3 epitope, V3 epitopes 
corresponding to the various isolates of the virus may 
be introduced into various sites of the toxin. 

Similarly r recombinant toxins possessing other 
epitopes of the HIV virus (and in particular conserved 
epitopes) can be prepared. Each molecule of toxin may 
hence present different B epitopes, in the presence or 
absence of other epitopes (and in particular of T 
epitopes) . The vaccinal preparations may comprise 
molecules of recombinant toxin possessing different 
epitopes. 

Alternatively, these epitopes may be expressed 
within other vector proteins. For example r the two E» 
coli envelope proteins LamB and MalE can be used. 
When the epitope is expressed on the surface of 
transformed bacteria as part of the outer membrane 
protein LamB, a T cell independent antibody response 
characterized by a rapid induction of IgM and IgG 
antibodies is induced. In contrast, when the epitope 
is expressed as part of the periplasmic MalE protein, 
a T cell dependent antibody response, belonging to the 
IgG class, is induced. 

Immunization with the molecules of recombinant 
toxins and detection of antibodies is carried out as ? 
described in Leclerc et al, 1991 , which is hereby 
incorporated by reference. 
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1.2 Helper T epitopes (CD4+) ; 

The molecules of recombinant toxin may also be 
used to present epitopes recognized by CD4* T 
lymphocytes. These! epitopes will be inserted either 
alone or in combination with other T or B epitopes. 
There may thus be inserted the T epitopes 103-116 of 
the poliovirus, alone or in continuity with the B 
epitope 93-103, T epitopes of the HIV virus, and in 
particular the T epitope included in the V3 loop, or 
the T epitope of the lymphocytic choriomeningitis 
virus included in the region 118-132 of the 
nucleoprotein. The sequence of region 118-132 of the 
nucleoprotein of lymphocytic choriomeningitis virus is 
RPQASGVYMGNLTAQ . 

The sequence of the B epitope 93-103 of 
poliovirus (C3 epitope) is: 
DNPASTTNKDK 

The sequence of the T epitope is: 
KLFAVWKITYKDT. 

For the generation of helper CD4* T responses, 
the T epitopes will preferably be inserted into the 
Oterminal region of the toxin capable of entering the 
presenter cell by an endocytosis pathway. Toxin 
molecules possessing AC activity or mutated to lose 
this activity may be used, depending on the type of 
CD4* response desired. The recombinant molecule can 

consist of a fragment or the complete adenylate 

cyclase protein expressing foreign epitope ( s) . 

1*3 The detection of CD4* responses after 
immunization with adenylate cyclase 
molecules presenting one or more T epitopes 
recognized by CD4+ lymphocytes : 

Animals, such as mice of different strains, are 
immunized with the molecules of recombinant toxin in 
the presence of suitable adjuvant, such as Freunds' 
complete adjuvant, Freunds 1 incomplete adjuvant, or 
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aluminum hydroxide* Two weeks later, the CD4* T 

responses are determined by proliferation of 

lymphocytes (spleen or draining lymph nodes) , cultured 

with the peptide corresponding to the inserted T ? 

epitope as described previously. See Fayolle f et al., 

1991. Conversely, the recognition by lymphocytes of > 

mice immunized with peptides of molecules of 

recombinant toxin in vitro is determined by 

incorporation of thymidine. See Leclerc, et al. 1991. 

1.4 Insertion of T epitopes recognized by 
cytotoxic T lymphocytes : 

AC toxin possesses the ability to enter the 
cytoplasm of target cells. This makes it possible to 
deliver T epitopes recognized by CD8* T lymphocytes to 
the cytoplasm of these cells, - and to . permit 
association of these epitopes with molecules of the 
class I MHC. Sources of AC are Bordetella sp., 
homologues thereof, or other organisms expressing AC. 
In embodiments of this invention, the adenylate 
cyclase is a calmodulin dependent AC. In specific 
embodiments, the AC is Bordetella pertussis AC. * 

1.5 Induction of cytotoxic T cells ; 

Cytotoxic T responses can be obtained by 
immunization with the recombinant toxin, alone or in 
the presence of an . adjuvant such as aluminum 
hydroxide. The routes can be the oral route, the 
subcutaneous or the intramuscular route. 

The recombinant toxin expresses one or more 
epitopes recognized by cytotoxic T cells. Other 
epitopes, in particular epitopes recognized by CD4* 
helper T lymphocytes , can be inserted into the same 
molecule of toxin. The identification of an epitope 
as a CTL epitope or a T helper epitope is determined 
experimentally. & 

As an example, we have inserted into : the toxin 
the epitope 118-132 of the nucleoprotein of the 
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lymphocytic choriomeningitis virus (Aichele, et al. 
1990) , which is both a CTL and a T helper epitope. 
The amino acid sequence of this epitope is: 
RPQASGVYMGNLTAQ. Epitopes of other pathogens and in 
particular of HIV, can be inserted (CTL epitopes of 
the env, gag, nef proteins, etc.). Examples of 
suitable epitopes are described by Nixon et al., 1992, 
which is expressly incorporated herein by reference. 
Several epitopes representing the sequences of various 
isolates of the HIV virus can be introduced into the 
same molecule of toxin. Similarly, it is possible to 
use a mixture of molecules of recombinant toxin, each 
presenting a CTL epitope corresponding to a given 
isolate of the HIV virus. — 

1-6 Detection of cytotoxic T responses : 
Lymphocytes obtained from animals immunized with 
the recombinant toxin are stimulated for 5 days with 
syngeneic cells coated with the peptide corresponding 
to the inserted epitope, or in the presence of the 
recombinant toxin. The detection of cytotoxic T 
effectors is carried out as described previously 
(Fayolle et al., 1991. The target cells, labeled with - 
chromium-51 ([51Cr]) and possessing the class I 
molecules compatible with the effector cells, are 
incubated beforehand with the peptide corresponding to 
the CTL epitope inserted into the recombinant toxin. 
The cytotoxic T response is estimated by release of 
[51Cr] by the lysed target cells. 

B/ RECOMBINANT ADENYLATE CYCLASES EXPRESSING 
HETEROLOGOUS EPITOPES OR A LIGAND FOR A GIVEN 
RECEPTOR: IMMUNOTOXIN APPLICATIONS 

The recombinant AC toxin can be used to target 
cell antigens and receptors. Following are examples 
• of several constructions may be envisaged: 
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1) construction of fusion proteins containing 
the first 1490 amino acids of the AC (this truncated 
form of the toxin is incapable of binding to the 
target cells and is hence nottoxic) , fused with a 
growth factor such as TGF-a (in which the target is 
the EGF receptor), with IL-2, IL-4 . or IL-6 or any 
other lymphokine, with variable regions of antibodies 
having a strong affinity with receptors or antigens to 
be targeted, for example tumor antigens? 

2) insertion of B epitopes into the AC for 
targeting of specific B cells, or insertion of any 
other peptide ligand recognizing specific receptors; 

3) construction of an AC carrying an additional 
cysteine at the C- terminal end of the protein, which 
will enable a specific polypeptide to be fused to the 
AC by chemical coupling. It should be recalled that 
the AC is a protein which does not contain "cysteine. 

The potential importance of B. pertussis AC toxin 
compared to other immunotoxins lies in the fact that 
the poisoning of the target cells by the AC is 
independent of a receptor mediated endocytosis 
process. Thus, any surface marker specific to a given 
cell could serve as a receptor for targeting the 
recombinant AC toxin comprising a truncated AC toxin 
fused with a specific ligand. 
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WHAT IS CLAIMED IS: 

1. A recombinant plasmid useful for expressing 
adenylate cyclase, wherein said recombinant plasmid 
comprises : 

a) the cyaC gene of Bordetella sp. or 
homologs thereof operably limited to an expression 
control sequence; and 

b) the cyaA gene of Bordetella sp. or 
homologs thereof encoding adenylate cyclase operably 
linked to an expression control sequence? and 

wherein said recombinant plasmid directs the 
expression of B. pertussis adenylate cyclase in a 
transformed host cell selected from the group 
consisting of bacteria, eukoryotic cells and yeast. 

2. The recombinant plasmid as claimed in claim 
1, wherein said host cell is E. coli. ^ . 

3 . The recombinant plasmid as cJLaimed in claim 
1 wherein the cyaC gene and the cyaA gene are the cyaC 
gene and cyaA gene of Bordetella pertussis. 

4. The recombinant plasmid as claimed in claim 
3, wherein said recombinant plasmid is pCACT3. 

5. The recombinant DNA molecule as claimed in 
claim 2, wherein said cyaA gene is the cyaA gene of 
Bordetella pertussis. 

6. The recombinant DNA molecule as claimed in 
claim 5, wherein said heterologous DNA sequence 
encodes less than 25 amino acids. 

7. The recombinant DNA molecule as claimed in 
claim 6, wherein said permissive site is selected from 
the group consisting of DNA encoding residues 137-13 8 
of the gene product of said cyaA gene f DNA encoding 
residues 224-225 of the gene product of said cyaA 
gene, DNA encoding residues 228-229 of the gene 
product of said cyaA gene, and DNA encoding residues 
317-318 of the gene product of said cyaA gene. 
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8. A recombinant; DNA molecule comprising an 
adenylate cyclase gene f wherein said adenylate cyclase 
gene contains at least one insertion of a heterologous 

DNA sequence at DNA encoding residues 235-236 of the ? 
gene product of said adenylate cyclase gene, 

9. The recombinant DNA molecule as claimed in « 
claim 8, wherein said heterologous DNA sequence 
encodes the C3 epitope of human poliovirus. 

10. The recombinant DNA molecule as claimed in 
claim 8, wherein said heterologous DNA. sequence 
encodes an epitope of HIV virus. 

11. The recombinant. DNA molecule as claimed in 
claim 10 r wherein said epitope is the V3 epitope of 
HIV virus. 

12". The recombinant DNA molecule as claimed in 
claim 8, wherein saici heterologous DNA sequence is 
residues 118-132 of the nucleoprotein of lymphocytic 
choriomeningitis virus. 

13. A recombinant DNA molecule comprising an 
adenylate cyclase gene of Bordetella pertussis , 
wherein said adenylate cyclase gene contains at least 
one insertion of £ heterologous DNA sequence at DNA 
encoding residues 235-236 of the gene product of said 
adenylate cycl^ge gene. 

14V The recombinant DNA molecule as claimed in 
claim 13, wherein said heterologous DNA sequence 
encodes the C3_epitope of human poliovirus. 

15. The recombinant DNA . molecule as claimed in 
claim 13 f wherein said heterologous DNA siequence 
encodes an epitope of HIV virus. 

16. The recombinant DNA molecule as claimed in 
claim 15 , wherein said epitope is the V3 epitope of 
HIV virus. " 

17. The recombinant DNA molecule as claimed in * 
claim 13, wherein said permissive site is- located in a 
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DNA sequence encoding the C-tenninal domain of the 
gene product of said cyaA gene. 

18 w The recombinant DNA molecule as claimed in 
claim 17 f wherein said heterologous DNA sequence 
encodes either a T epitope of poliovirus, or a T 
epitope of HIV virus, particularly a T helper epitope 
such as the V3 T epitope of HIV virus, or further a. T 
epitope of influenza virus. 

19 • The recombinant DNA molecule as claimed in 
claim 17, wherein said molecule further comprises a 
second heterologous DNA sequence encoding an epitope 
selected from the group consisting of: a poliovirus 
epitope, an HIV virus epitope and an influenza virus 
epitope. 

20. The recombinant DNA molecule as claimed in 
claim 17, wherein said T epitope is the T epitope of 
the lymphocytic, choriomeningitis virus included in the 
region 118-132 of the nucleoprotein of said 
choriomeningitis virus. 

21. The recombinant DNA molecule as claimed in 
claim 13, wherein said cyaA gene further comprises a 
mutation that abolishes catalytic activity of the cyaA 
gene product. 

22. A recombinant _ adenylate cyclase of 
Bordetella sp. or homologs thereof, wherein said 
recombinant adenylate cyclase, particularly a 
Bordetella pertussis adenylate cyclase, comprises a 
heterologous epitope at a permissive site. 

23. The recombinant DNA molecule as claimed in 
claim 13 , wherein said heterologous DNA sequence " is 
residues 118-132 of the nucleoprotein of lymphocytic 
choriomeningitis virus. 

24. A recombinant adenylate cyclase wherein said 
recombinant adenylate cyclase comprises a heterologous 
epitope at residues 235-236. 
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25. The recombinant adenylate cyclase as claimed 
in claim 13* wherein said recombinant adenylate 
cyclase is Bordetella pertussis adenylate cyclase. 

26. A method of inducing a cytotoxic T-cell ? 
immune response, wherein said method comprises 
immunizing animals with an. immunological composition 
comprising a recombinant adenylate cyclase as claimed 

in claim 8. 

27. The method bf inducing a cytotoxic T-cell 
response as claimed in claim 26, wherein said 
recombinant adenylate cyclase is part of a fusion 
protein comprising a lymphokine, particularly a 
lymphokine selected from the group consisting of IL-2, 
IL-4, and IL-6. ■ 

28. The method of inducing a cytotoxic T-cell 
response as claimed in claim 26, wherein said 
recombinant adenylate cyclase further comprises a 
heterologous B epitope, particularly a heterologous B 
epitope selected from the group consisting of C3 
epitope of poliovirus and V3 epitope of HIV virus. 

29. The method of inducing a cytotoxic T-cell 
response as claimed in claim 28, wherein said 
heterologous B epitope, is RIQRGPGRAFVTIGK. 

30* The method of inducing a cytotoxic T-cell 
immune response as claimed in claim 26, wherein said 
heterologous DNA sequence encodes an epitope of 
lymphocytic choriomeningitis virus of the sequence: 
RPQ AS G VYMGNLTAQ . 

31. " A method of inducing a B cell immune 
response, wherein said method comprises immunizing 
animals with live bacteria expressing a recombinant 
adenylate cyclase or fragment thereof , wherein said , 
recombinant adenylate cyclase comprises a heterologous 
epitope. £ 

32. " A method of inducing a cytotoxic T-cell 
immune response, wherein said method comprises 
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immunizing animals with an immunological composition 
comprising a. Bordetella sp. recombinant adenylate 
cyclase, such as Bordetella pertussis adenylate 
cyclase, or homolog thereof, wherein said recombinant 
adenylate cyclase comprises at least one heterologous 
T epitope at at least one permissive site in the N- 
terminal catalytic domain of said recombinant adenyl 
cyclase. 

33. A recombinant DNA molecule comprising the 
cyaA gene of Bordetella sp. or homologs thereof, 
wherein said cyaA gene contains at least one insertion 
of a heterologous DNA sequence at at least one 
permissive site. 
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